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Abstract:
Hardness is not a fundamental property of a material but it is related to the elastic and
plastic properties of the material. Hardness of a material can be determined from indentation hardness
tests. Brinell hardness test is one of the commonly used macro-indentation hardness test types to
quantify the hardness of a material. In this study, the sensitivity of Brinell Hardness Number (BHN) to
the material properties of structural steels that exhibit a plastic plateau in their true stress-strain curve
is analysed. Four basic structural steel material properties, Young’s modulus (𝐸𝐸), yield strength (𝜎𝜎𝑦𝑦 ),
ratio (𝛼𝛼) between the strain at beginning-point of strain hardening (𝜀𝜀𝑠𝑠𝑠𝑠 ) and the yield strain (𝜀𝜀𝑦𝑦 ) and
strain hardening exponent (𝑛𝑛) are considered for the sensitivity analysis. By identifying the sensitivity
of hardness to these material properties, an inverse analysis method based on a hardness test can be
developed to identify the unknown steel materials. For a given material combination, the loaddisplacement curve of macro-indentation can be developed using the Finite Element (FE) simulation.
For that, a 2D axisymmetric nonlinear FE model is developed using finite element software package
ABAQUS and validated using past experimental data. Then BHNs are calculated for selected material
combinations and variation of BHN with each material property is obtained. Considering the
relationships between material properties and BHN, the sensitivity of BHN to each material property
is calculated. Finally, a comparison is made for the sensitivity of hardness by considering all four
material properties.
Keywords:
Axisymmetric FE simulation, Brinell hardness number, Macro-indentation test,
Material properties, Sensitivity analysis

1.

Introduction

members in a semi-destructive or nondestructive way. It must be applicable to the
existing structures for structural health
monitoring purposes.

Due to the effect of load, environmental
erosion, material ageing, accidental bumping,
and many other factors, in-service civil
structures ultimately lead to structural damages
[1] - [3]. By considering this, structural health
monitoring and non-destructive assessment
methods have been developed in the past two
decades to manage civil engineering structures
more efficiently [4], [5]. Since the real properties
of materials are changing with time,
identification of the material properties of
structural members plays an important role in
the structural damage assessment process.

Depth-sensing instrumented indentation test or
hardness test is one of very easy, quick and
inexpensive,
semi
destructive
testing
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Though there are many ways available to
evaluate material properties of engineering
metals, such as brittle coating, neutron
diffraction [6], X-ray method [7], centre-hole
drilling [8], magnetic techniques [9], eddy
current techniques [10], small punch test (SPT)
and ball-on-three-balls (B3B) test [11], etc., most
of these techniques are complex, destructive
procedures and expensive. Therefore, in recent
years, it has become seriously important to
determine the material properties of structural
1
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techniques which can be used to determine the
unknown
material
properties.
The
characteristics that exhibit in the indentation
load-displacement curve have a good
relationship with the properties of the material
such as Young’s modulus, yield strength, strain
hardening exponent, residual stress-strain, etc.
[12] - [30].

without a plastic plateau in their true stressstrain behaviour [21] - [24]. The available
methods for determining material properties of
the materials with a plastic plateau in their true
stress-strain behaviour such as, structural steel,
are limited [25], [26].
Structural steels exhibit a plastic plateau in their
true stress-strain curve. It is a plastic instability
associated with the unpinning of dislocations
from the interstitial elements in solid solution
[27]. It initiates from the “upper yield stress”
and ends at the beginning point of strain
hardening (𝜀𝜀𝑠𝑠𝑠𝑠 ). Figure 1 illustrates the typical
true stress-strain curve of structural steel.

Indentation hardness is determined by
indenting a surface using a harder surface to
form a permanent impression with plastic
deformation. Based on the applied load and the
penetration depth, indentation hardness can be
categorized as macro, micro, and nano. Table 1
gives the ranges of   (𝐿𝐿) 
(ℎ) specified by ͳͶͷǦͳ
 determining the above three categories
[12].
Table 1 - Hardness Testing Scales Defined by
ISO 14577-1 [12]
Scale
Macro
Micro
Nano

Load Range (𝑳𝑳)/
(𝑁𝑁)
2 < 𝐿𝐿 < 30,000
𝐿𝐿 < 2
Not-specified

Penetration
Range (𝒉𝒉)/ (µ𝑚𝑚)

𝐸𝐸

Not-specified
ℎ > 0.2
ℎ < 0.2

To determine the properties of the damaged
structural members in structural health
monitoring, macro-indentation is more suitable
than others since micro and nano indentations
are used to characterize the material properties
of microscale and nanoscale objects such as
bulk materials, thin films and coatings,
integrated circuits (IC), etc. [13] - [16].

Figure 1 - Schematic Illustration of Typical
True Stress-Strain Curve for Structural Steel
The plastic plateau in the structural steel true
stress-strain curve (solid curve between 𝜀𝜀𝑦𝑦 and
𝜀𝜀𝑠𝑠𝑠𝑠 in Figure 1) can be assumed as a perfectly
plastic plateau (dotted line in Figure 1) to
simplify the steel material model [26], [28].
Then, the stress-strain curve of structural steel
can be expressed as Eq. (1) [26].

Brinell, Meyer, Rockwell, and Vickers are
commonly used macro-indentation hardness
tests. Based on the shape of the indenter, these
macro-indentation tests can be divided into
spherical indentation and sharp indentation.
Spherical indentation loading-unloading curves
contain more information on the material
properties than those from a sharp indentation
test [17]. In addition to that, spherical
indentation has many advantages over a sharp
indentation in the determination of material
elastoplastic properties [13]. In the present
work, we focus on the Brinell hardness test
since it is the most used spherical indentation
test type.

𝜎𝜎=

𝜎𝜎𝑦𝑦

𝜎𝜎𝑦𝑦 [1 +

where,

𝑛𝑛

𝐸𝐸(𝜀𝜀 − 𝜀𝜀𝑠𝑠𝑠𝑠 )
]
𝛼𝛼𝜎𝜎𝑦𝑦
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;𝜀𝜀 ≤ 𝜀𝜀𝑦𝑦

;𝜀𝜀𝑦𝑦 ≤ 𝜀𝜀 ≤ 𝜀𝜀𝑠𝑠𝑠𝑠
;𝜀𝜀 > 𝜀𝜀𝑠𝑠𝑠𝑠

𝐸𝐸 = Young’s modulus
σy = Initial yield stress
𝑛𝑛 = Strain hardening exponent
𝜀𝜀
𝛼𝛼 = 𝑠𝑠𝑠𝑠
𝜀𝜀𝑦𝑦

Spherical indentation has been used by many
researchers to determine material elastic and
plastic properties [13], [18] - [25]. However,
most of them are valid only for the materials
ENGINEER
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𝐸𝐸𝐸𝐸

…(1)

This study aims to analyse the sensitivity of
indentation hardness to the structural steel
material properties, Young’s modulus (𝐸𝐸), yield
strength (𝜎𝜎𝑦𝑦 ), ratio (𝛼𝛼) between the strain at
beginning-point of strain hardening (𝜀𝜀𝑠𝑠𝑠𝑠 ) and

the yield strain (𝜀𝜀𝑦𝑦 ) and strain hardening
exponent (𝑛𝑛). This sensitivity analysis will be
helpful to develop a simple and cost-effective
method based on hardness test to determine the
unknown material properties of structural steel
which can be easily used in the field. From that,
the aforementioned problem can be addressed
in the future.

In this indentation simulation, reduced
integration and hourglass control elements are
used with the application of the Von-Mises
plasticity model and the contact theory. Since
the hardness of the indenter is very high
compared to the specimens, a rigid ball
indenter is employed for indentation
simulation and a rigid movable analytical
surface is used to model the indenter. In
addition to that, the computational time can be
reduced by using a rigid indenter instead of a
deformable indenter, because a 2D rigid
indenter has three degrees of freedom at the
reference point to control its behaviour [31].

Here, Brinell Hardness Number (BHN) is used
to quantify the indentation hardness since BHN
can be easily obtained from experimental
Brinell hardness test within a short period of
time. For a target metal specimen BHN can be
found within acceptable limit from the
numerical
indentation
simulations
[29].
Therefore, the present study is fully based on a
numerical approach. For a given material
property, indentation load-displacement curves
can be developed using finite element
simulation. To model the indentation hardness
test, two dimensional (2D) axisymmetric finite
element simulation is used.

S, Mises (𝑴𝑴𝑴𝑴𝑴𝑴)

350

185

The summarized methodology is as follows.
First, the Finite Element (FE) model is
developed
and
validated
using
past
experimental data [13]. Next, indentation loaddisplacement curves are obtained by varying
the material properties, 𝐸𝐸, 𝜎𝜎𝑦𝑦 , 𝛼𝛼 and 𝑛𝑛. Here, to
check the sensitivity of BHN to each material
property, one material property is changed by
fixing other material properties. Then, BHN is
calculated for each material combination using
indentation load-displacement curves and the
variations of BHN with material properties are
plotted. Finally, the sensitivity of BHN to each
material property is calculated. Thereby, a
comparison for the sensitivity of BHN to the
material properties is made.

2.

0

Figure 2 - 2D Ball indentation
The true stress-strain curves of different
combinations of material properties are
employed for the FE simulation. The specimen
size should be selected such that boundary
condition effects can be neglected. For that,
sensitivity simulations were carried out by
varying specimen diameter and depth for 1𝑚𝑚𝑚𝑚
indentation depth and specimen size was
selected as 20𝑚𝑚𝑚𝑚 diameter, 20𝑚𝑚𝑚𝑚 depth
cylindrical specimen. The element type used for
the specimen is ‘CAX4R’. The meshes on the
specimen are created such that they are finer
near the indentation area and are coarser in the
other parts of the specimen as shown in Figure
3.

Finite Element Modelling of
Macro-Indentation Simulation

The spherical indentation simulation is done
using commercial nonlinear finite element (FE)
analysis software package ABAQUS to obtain
the load-displacement curves of macroindentation for different material combinations.
For the simulation of the hardness test, mainly
two types of FE models can be used as 2D
axisymmetric and 3D solid models. In this
study, a 2D axisymmetric FE model is used to
simulate the spherical indentation procedure
with proper boundary conditions, considering
the symmetries of both the geometry and the
loading condition; see Figure 2 for the
developed 2D ball indentation FE model.

The static general step is used with a time
period of one second for each loading and
unloading step. The penalty tangential
behaviour is used as the interaction property
between the indenter and the specimen with a
0.1 friction coefficient [25]. Then, a surface-tosurface contact interaction is created between
them such that the outer surface of the indenter
acts as a master surface and the top surface of
3
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the specimen acts as a slave surface. Though the
value of Poisson’s ratio does not affect the
indentation load-displacement curve, it is taken
as 0.3 [30] for all material combinations.

𝑀𝑀𝑀𝑀a and strain hardening exponent (𝑛𝑛) 0.127
with 0.788 𝑚𝑚𝑚𝑚 radius rigid ball indenter is used
for the validation. The maximum penetration
depth is taken as 0.287𝑚𝑚𝑚𝑚 × 𝑅𝑅 [13].

The comparison between the developed loaddisplacement curve for 2D ball indentation and
that from the past experimental data is shown
in Figure 5. It shows that both experimental and
numerical load-displacement curves are wellmatched with each other. The Mean Absolute
Percentage Error (MADE) between two curves
is calculated as 1.91% and it is in the acceptable
level. Therefore, it was decided to use the
developed 2D axisymmetric model for this
study.

Finer Mesh

20 𝒎𝒎𝒎𝒎

Coarser
Mesh

2500
10 𝒎𝒎𝒎𝒎

Experiment
2D Numerical

2000
Load / (N)

Figure 3 - Finite Element Mesh
The boundary conditions are applied such that
a displacement-controlled indentation by
allowing the rigid indenter to move along the 𝑦𝑦
axis and penetrated up to the maximum depth
into the specimen. The nodes on the 𝑦𝑦 axis
move only along the axis itself and the bottom
of the specimen is fixed. See Figure 4 for the
basic geometry and assembly of the 2D FE
model with applied boundary conditions.

1500
1000
500
0

0

0.05
0.1
0.15
0.2
DIisplacement / (mm)

Figure 5 - Validation of Ball Indentation
Model with Past Experimental Results

Indenter (Analytical rigid)
Radius: 2.5𝑚𝑚𝑚𝑚

4.

Deformable steel specimen
Depth=20𝑚𝑚𝑚𝑚
Diameter=20𝑚𝑚𝑚𝑚

Sensitivity of Brinell Hardness
Number (BHN) to Structural
Steel Material Properties

In this section, the sensitivity of BHN to each
structural
steel
material
property
(𝐸𝐸, σ𝑦𝑦 , 𝛼𝛼 and 𝑛𝑛) is analysed. The ranges of the
material properties are selected by considering
the structural steel material property ranges.
Table 2 gives the selected material property
values for defining material combinations in
this study.
Figure 4 - Basic Geometry and Assembly of
the 2D FE Model in ABAQUS

3.

Table 2 - Parameters Used for Defining the
Material Combinations

Validation of FE Model with
Past Test Results

Material
Parameter

The validation of the ABAQUS FE model is
done by using past experimental data of a ball
indentation. A533-B steel with Young’s
modulus (𝐸𝐸) 210 𝐺𝐺𝐺𝐺𝐺𝐺, yield strength (𝜎𝜎𝑦𝑦 ) 400

𝜎𝜎𝑦𝑦 (𝑀𝑀𝑀𝑀𝑀𝑀)

ENGINEER
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𝐸𝐸 (𝐺𝐺𝐺𝐺𝐺𝐺)
𝑛𝑛

78
4

𝛼𝛼

Selected values
190, 195, 200, 205, 210
275, 300, 325, 350, 375, 400
0, 0.1, 0.2, 0.3, 0.4, 0.5
7, 10, 15, 16, 20, 23

𝐵𝐵𝐵𝐵𝐵𝐵 =

where,

𝜋𝜋𝜋𝜋(𝐷𝐷 −

2𝑃𝑃

√𝐷𝐷 2

−

𝑑𝑑 2 )

=

𝑃𝑃
𝜋𝜋𝜋𝜋𝜋𝜋

y

BHN is calculated for all the material
combinations by using their numerical loaddisplacement curves which are obtained from
the developed validated 2D axisymmetric FE
models. The equation used for calculating BHN
is given in Eq. (2).

𝒇𝒇(𝒂𝒂)

…(2)

𝑃𝑃 = Applied load in kilograms (𝑘𝑘𝑘𝑘)
𝐷𝐷 = Diameter of indenter (𝑚𝑚𝑚𝑚)
𝑑𝑑 = Diameter of the indentation (𝑚𝑚𝑚𝑚)
𝑡𝑡 = Indentation depth (𝑚𝑚𝑚𝑚)

(0, 0)

x

For a given point in 𝑥𝑥, the sensitivity of 𝑦𝑦 with
respect to 𝑥𝑥 can be described as follows.
If 𝑥𝑥 = 𝑎𝑎, 𝑦𝑦 = 𝑓𝑓(𝑎𝑎) and

The sensitivity of BHN concerning each
structural steel material property is calculated
using the sensitivity definition provided in
mathematics. Mathematically, sensitivity is
quantitatively defined as follows [33].

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑜𝑜𝑜𝑜 𝑦𝑦 𝑤𝑤𝑤𝑤𝑤𝑤ℎ
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑡𝑡𝑡𝑡 𝑥𝑥 𝑎𝑎𝑎𝑎 𝑥𝑥 = 𝑎𝑎

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑓𝑓′(𝑎𝑎), then,
=

𝑓𝑓′(𝑎𝑎)
𝑎𝑎
𝑓𝑓(𝑎𝑎)

...(6)

That means, if 𝑥𝑥 changes by 1 unit, 𝑦𝑦 is going to
𝑓𝑓′(𝑎𝑎)
𝑎𝑎 units at 𝑥𝑥 = 𝑎𝑎. Here, the
change by

...(3)

𝑓𝑓(𝑎𝑎)

sensitivity of 𝑦𝑦 can be a positive value or a
negative value. If it is a positive value, that
means for 1 unit change in 𝑥𝑥, 𝑦𝑦 is going to
change in the same direction of 𝑥𝑥 and if it is a
negative value, that means for 1 unit change in
𝑥𝑥, 𝑦𝑦 is going to change in the opposite direction
of 𝑥𝑥. By using the above definition, the
sensitivity of BHN with respect to each
structural steel material property is calculated.

The following example describes the sensitivity
definition more clearly.
Let’s consider the variation of 𝑦𝑦 with 𝑥𝑥 given by
the function 𝑦𝑦 = 𝑓𝑓(𝑥𝑥) as illustrated in Figure 6
𝑑𝑑𝑑𝑑
and derivative of 𝑦𝑦 is given by = 𝑓𝑓′(𝑥𝑥). Then,
𝑑𝑑𝑑𝑑
the percentage change in 𝑦𝑦 is given by Eq. (4)
and the sensitivity of 𝑦𝑦 with respect to 𝑥𝑥 is
given by Eq. (5) as follows.
𝑑𝑑𝑑𝑑 𝑓𝑓′(𝑥𝑥)
=
𝑑𝑑𝑑𝑑
𝑦𝑦
𝑓𝑓(𝑥𝑥)
(𝑑𝑑𝑑𝑑⁄𝑦𝑦) 𝑓𝑓𝑓𝑓𝑓𝑓𝑓
=
𝑥𝑥
(𝑑𝑑𝑑𝑑 ⁄𝑥𝑥𝑥 𝑓𝑓𝑓𝑓𝑓𝑓

𝒂𝒂

Figure 6 - Illustration of the function 𝒚𝒚 = 𝒇𝒇(𝒙𝒙)

Usually, no measuring unit is used for BHN. In
calculating BHN, the standard applied load for
5 𝑚𝑚𝑚𝑚 diameter indenter is 750 𝑘𝑘𝑘𝑘 [32].

%𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑦𝑦 (𝑑𝑑𝑑𝑑⁄𝑦𝑦)
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑜𝑜𝑜𝑜
𝑦𝑦 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = %𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑥𝑥 (𝑑𝑑𝑑𝑑⁄𝑥𝑥 )
𝑡𝑡𝑡𝑡 𝑥𝑥

𝒚𝒚 = 𝒇𝒇(𝒙𝒙)

4.1

Sensitivity of BHN to Young’s
Modulus (𝑬𝑬)
To identify the behaviour of BHN with Young’s
modulus (𝐸𝐸), steel specimens with 𝜎𝜎𝑦𝑦 = 350
𝑀𝑀𝑀𝑀𝑀𝑀, 𝑛𝑛 = 0.2 and 𝛼𝛼 = 7 are employed with
different Young’s modulus values; 190 𝐺𝐺𝐺𝐺𝐺𝐺, 195
𝐺𝐺𝐺𝐺𝐺𝐺, 200 𝐺𝐺𝐺𝐺𝐺𝐺, 205 𝐺𝐺𝐺𝐺𝐺𝐺 and 210 𝐺𝐺𝐺𝐺𝐺𝐺. Figure 7
illustrates the load-displacement curves
obtained from the validated FE model for
different Young’s modulus values. From Figure
7, it can be seen that the maximum value of the
loading curve increases with the increasing of
the Young’s modulus of the structural steel
material.

…(4)
…(5)
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Sensitivity of BHN with respect
to the Young's modulus

E=195 GPa

18000
Load / (N)

0.260

E=190 GPa

21000

E=200 GPa

15000

E=205 GPa
E=210 GPa

12000
9000
6000
3000
0

0

0.2
0.4
0.6
0.8
Displacement / (mm)

BHN

0.252
0.250

20000
Load (N)

167
166

15000
10000
5000

210

0

Figure 8 - Variation of BHN with the Young’s
Modulus

0

0.2
0.4
0.6
0.8
Displacement / (mm)

1

Figure 10 - Load-Displacement Curves for
different Yield Strength Values (for 𝑬𝑬 =
210 𝑮𝑮𝑮𝑮𝑮𝑮, 𝒏𝒏 = 0.2 and 𝜶𝜶 = 7)

Considering Eq. (3), the sensitivity of BHN to
the Young’s modulus is calculated as 0.2561.
That means if the Young’s modulus increases
by 1 unit, BHN is going to increase by 0.2561
units for all Young’s modulus values. Hence, it
can be said that the sensitivity of BHN to the
Young’s modulus is a constant for all structural
steel materials. See Figure 9 for the variation of
the sensitivity of BHN to the Young’s modulus.
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210

σy=275 MPa
σy=300 MPa
σy=325 MPa
σy=350 MPa
σy=375 MPa
σy=400 MPa

25000

168

195
200
205
Young’s modulus / (GPa)

195
200
205
Young's modulus / (GPa)

Sensitivity of BHN to the Yield
Strength (𝛔𝛔𝒚𝒚 )
Steel specimens with 𝐸𝐸 = 210 𝐺𝐺𝐺𝐺𝐺𝐺, 𝑛𝑛 = 0.2 and
𝛼𝛼 = 7 are employed with the different yield
strength (𝜎𝜎𝑦𝑦 ) values, 275 𝑀𝑀𝑀𝑀𝑀𝑀, 300 𝑀𝑀𝑀𝑀𝑀𝑀, 325
𝑀𝑀𝑀𝑀𝑀𝑀, 350 𝑀𝑀𝑀𝑀𝑀𝑀, 375 𝑀𝑀𝑀𝑀𝑀𝑀 and 400 𝑀𝑀𝑀𝑀𝑀𝑀 to
identify the behaviour of BHN with the yield
strength of the structural steel material. The
load-displacement curves obtained from the
validated FE model for different yield strength
values are shown in Figure 10. From the
variation of load-displacement curves, it can be
said that the maximum value of the loading
curve increases with the increasing of the yield
strength of the material.

y = 43.275x0.2561
R² = 0.998

190

190

4.2

171

165

0.254

Figure 9 - Variation of Sensitivity of BHN to
the Young’s Modulus

Using Eq. (2) and above load-displacement
curves, BHN is calculated for structural steel
materials with different Young’s modulus
values. The variation of BHN with the Young’s
modulus is shown in Figure 8. From the
variation, it can be said that there is a good
power relationship between the Young’s
modulus of structural steel material and the
BHN.

169

y = 0.2561
R² = 0

0.256

1

Figure 7 - Load-Displacement Curves for
different Young’s Modulus Values (for 𝝈𝝈𝒚𝒚 =
350 𝑴𝑴𝑴𝑴𝑴𝑴, 𝒏𝒏 = 0.2 and 𝜶𝜶 = 7)

170

0.258

By using the above load-displacement curves
and Eq. (2), BHNs are calculated for structural
steel materials with different yield strength
values. The variation of BHN with the yield
strength is shown in Figure 11. It shows that
there is a good linear relationship between the
yield strength of the steel material and the
BHN.
6
80

200

24000
y = 0.4107x + 25.672
R² = 0.9998
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α=7
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BHN

16000
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140

12000
8000
4000
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250

275
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Figure 11 - Variation of BHN with the Yield
Strength
0.4107𝜎𝜎𝑦𝑦

0.4107𝜎𝜎𝑦𝑦 +25.672

0.4107𝜎𝜎𝑦𝑦0

units. See Figure 12 for the

variation of the sensitivity of BHN to the yield
strength for different yield strength values. It
can be seen that the sensitivity of BHN to the
yield strength increases with the increasing of
the yield strength of the material.

Then BHNs are calculated for structural steel
materials with different 𝛼𝛼 values using Eq. (2).
The relevant data obtained from the numerical
load-displacement curves is shown in Figure
13. The variation of BHN with the 𝛼𝛼 value is
shown in Figure 14. It shows that there is a
good power relationship between the 𝛼𝛼 value of
the steel material and the BHN.

y = -1E-06x2 + 0.0011x + 0.595
R² = 0.9999

170
0.84

165
160

0.82

0.8

BHN

Sensitivity of BHN with respect to
yield strength

0.88

0.86

1

By considering the variation of loaddisplacement curves, it can be said that the
maximum value of the loading curve decreases
with the increasing of the 𝛼𝛼 value of the steel
material.

.

That means if the yield strength increases by 1
unit at 𝜎𝜎𝑦𝑦 = 𝜎𝜎𝑦𝑦0 , BHN is going to increase by
0.4107𝜎𝜎𝑦𝑦0 +25.672

0.2
0.4
0.6
0.8
Displacement / (mm)

Figure 13 - Load-displacement Curves for
different 𝜶𝜶 Values (for 𝑬𝑬 = 210 𝑮𝑮𝑮𝑮𝑮𝑮, 𝝈𝝈𝒚𝒚 = 350
𝑴𝑴𝑴𝑴𝑴𝑴 and 𝒏𝒏 = 0.2)

According to Eq. (3), the sensitivity of BHN to
the yield strength is obtained as

0

250

300
350
Yield Strength / (MPa)

y = 221.08x-0.137
R² = 0.9976

155
150

400

145

Figure 12 - Variation of Sensitivity of BHN to
the Yield Strength

140

4.3
Sensitivity of BHN to the Ratio (𝜶𝜶)
between the Strain at Beginning-Point of
Strain Hardening (𝜺𝜺𝒔𝒔𝒔𝒔 ) and the Yield strain (𝜺𝜺𝒚𝒚 )
To identify the behaviour of BHN with the 𝛼𝛼
value, steel specimens with 𝐸𝐸 = 210 𝐺𝐺𝐺𝐺𝐺𝐺, 𝜎𝜎𝑦𝑦 =
350 𝑀𝑀𝑀𝑀𝑀𝑀 and 𝑛𝑛 = 0.2 are employed with
different 𝛼𝛼 values, 7, 10, 15, 16, 20 and 23.
Figure 13 shows the load-displacement curves
obtained from the validated FE model for
different 𝛼𝛼 values.

5

10

15
α

20

25

Figure 14 - Variation of BHN with the 𝜶𝜶 Value

Eq. (3) is used to calculate the sensitivity of
BHN to the 𝛼𝛼 value and it is obtained as -0.137.
That means if the 𝛼𝛼 value increases by 1 unit,
BHN is going to decrease by 0.137 units for all
𝛼𝛼 values. Therefore, it can be said that the
sensitivity of BHN to the 𝛼𝛼 value is a constant
for all structural steel materials. The variation
7
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Sensitivity of BHN with respect to
the α value

of the sensitivity of BHN to the 𝛼𝛼 value for
different 𝛼𝛼 values is shown in Figure 15.
5

-0.12

𝛼𝛼

10

-0.13

15

20

hardening exponent values. For that, Eq. (2)
and Figure 16 load-displacement curves are
employed. Then, the variation is plotted and it
shows that there is a good polynomial
relationship between the strain hardening
exponents of the steel material and the BHN as
shown in Figure 17.

25

The sensitivity of BHN to the strain hardening

y = - 0.137
R² = 0

exponent is obtained as

193.954𝑛𝑛02 +203.62𝑛𝑛0

96.977𝑛𝑛02 +203.62𝑛𝑛0 +123.98

4.4

Sensitivity of BHN to the Strain
Hardening Exponent (𝒏𝒏)
Steel specimens with 𝐸𝐸 = 210 𝐺𝐺𝐺𝐺𝐺𝐺, 𝜎𝜎𝑦𝑦 = 350
𝑀𝑀𝑀𝑀𝑀𝑀 and 𝛼𝛼 = 7 are employed with different
strain hardening exponent (𝑛𝑛) values, 0, 0.1, 0.2,
0.3, 0.4 and 0.5 to identify the behaviour of
BHN with the strain hardening exponent.
Figure 16 shows the load-displacement curves
obtained from the validated FE model for
different strain hardening exponent values.
40000

units. Figure 18 shows

the variation of the sensitivity of BHN to the
strain hardening exponent for different strain
hardening exponent values. It shows that the
sensitivity of BHN to the strain hardening
exponent increases with the increasing of the
strain hardening exponent of the steel material.

-0.15

Figure 15 - Variation of Sensitivity of BHN to
the 𝜶𝜶 Value

250

y = 96.977x2 + 203.62x + 123.98
R² = 0.9994

BHN

200

150

n=0

35000

Load / (N)

96.977𝑛𝑛2 +203.62𝑛𝑛+123.98

considering Eq. (3). That means if strain
hardening exponent increases by 1 unit at 𝑛𝑛 =
𝑛𝑛0 , BHN is going to increase by

-0.14

n=0.1

30000

n=0.2

25000

n=0.3

100

0

0.1

0.2

0.3

0.4

0.5

Strain hardening exponent

n=0.4

20000

Figure 17 - Variation of BHN with the Strain
Hardening Exponent

n=0.5

15000
10000

Sensitivity of BHN with respect to
the strain hardening exponent

0.7

5000
0

193.954𝑛𝑛2 +203.62𝑛𝑛

0

0.2

0.4

0.6

0.8

1

Displacement / (mm)

Figure 16 - Load-displacement Curves for
different Strain Hardening Exponents (for 𝑬𝑬 =
210 𝑮𝑮𝑮𝑮𝑮𝑮, 𝝈𝝈𝒚𝒚 = 350 𝑴𝑴𝑴𝑴𝑴𝑴 and 𝜶𝜶 = 7)
Considering the variation of load-displacement
curves, it can be said that the maximum value
of the loading curve increases with the
increasing of the strain hardening exponent of
the structural steel material.
To identify the variation of BHN with the strain
hardening exponent, BHNs are calculated for
structural steel materials with different strain
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y = -0.7652x2 + 1.5798x + 0.0013
R² = 1

0.6
0.5
0.4
0.3
0.2
0.1
0

0

0.1
0.2
0.3
0.4
Strain hardening exponent

0.5

Figure 18 - Variation of Sensitivity of BHN to
the Strain Hardening Exponent
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4.5

Comparison of the Sensitivity of BHN
to Structural Steel Material Properties
Under this section, a comparison is made for
the sensitivity of BHN by considering all four
structural steel material properties which are
discussed above. For that, variation of BHN
with each material property (Figures 8, 11, 14,
17) is considered to select a common BHN
range for all four material properties.

approximately similar sensitivity values. The
sensitivity of BHN to the yield strength and
strain hardening exponent is increasing with
the increasing of the material property.
However, the sensitivity of BHN to the Young’s
modulus and the 𝛼𝛼 value is not going to change
with the material property.
By considering the sensitivity behaviours of
BHN to each structural steel material property,
an inverse analysis method can be developed to
determine the material properties, 𝐸𝐸, 𝜎𝜎𝑦𝑦 , 𝛼𝛼 and
𝑛𝑛 of an unknown steel member using the
Brinell hardness test. In that case, it is better to
give more attention to the 𝛼𝛼 value, since BHN
has less sensitivity to the 𝛼𝛼 value of the
structural steel material than other properties.

Table 3 gives the structural steel material
property ranges considered in this study and
their BHN ranges calculated from the derived
relationships.
Table 3 - Structural Steel Material Property
Ranges and their BHN Ranges
Structural steel material
property range
𝐸𝐸

𝜎𝜎𝑦𝑦
𝛼𝛼
𝑛𝑛

Relevant BHN
range

190 𝐺𝐺𝐺𝐺𝐺𝐺 to 210 𝐺𝐺𝐺𝐺𝐺𝐺

165 - 171

275 𝑀𝑀𝑀𝑀𝑀𝑀 to 400 𝑀𝑀𝑀𝑀𝑀𝑀
7 to 23
0 to 0.5

In this study, numerical analysis has been
carried out to obtain the BHN for each
combination of structural steel material
properties using finite element analysis. First, a
2D axisymmetric FE model is developed to
simulate the indentation hardness test and
validated. Then, load-displacement curves are
obtained for each combination of steel material
properties and BHNs are calculated using Eq.
(2). Finally, the sensitivity of BHN to each
material property is calculated considering the
definition given in Eq. (3) and their comparison
is made.
The following are the main conclusions of this
study:

138 - 190
169 - 144
123 - 169

From the table, it can be said that BHN range
165 to 169 is common for all four material
properties. Hence, the comparison is made by
varying the BHN from 165 to 169. Figure 19
shows the variation of the sensitivity of BHN to
each material property with the BHN.

Sensitivity of BHN with respect to
the material property

1
0.8



E
σy
α
n

0.6
0.4

Conclusions

5.

0.2
0
-0.2

165

166

167

168

169



170
BHN

Figure 19 - Variation of the Sensitivity of BHN
for Each Structural Steel Material Property
From Figure 19, it can be seen that BHN has the
highest sensitivity to the yield strength and the
lowest sensitivity to the 𝛼𝛼 value of the steel
material. To the Young’s modulus and strain
hardening exponent, the sensitivity of BHN is
in the middle region and they have
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The maximum value of the loaddisplacement curve and the BHN of
structural steel material are increasing
with the increasing of the Young’s
modulus, yield strength and the strain
hardening exponent and it is
decreasing with the increasing of the 𝛼𝛼
value of the material.
BHN has good power relationships
with the Young’s modulus and the 𝛼𝛼
value, a good linear relationship with
the yield strength and a good
polynomial relationship with the strain
hardening exponent of the structural
steel material.
BHN has a smaller sensitivity to the 𝛼𝛼
value and it has the highest sensitivity
to the yield strength of the structural
steel material.
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The sensitivity of BHN to the Young’s
modulus and the 𝛼𝛼 value of the
structural steel material are constants.
That means, if the Young’s modulus or
the 𝛼𝛼 value of the steel material
changes by 1 unit, BHN is going to
change by a constant value of units.
The sensitivity of BHN to the yield
strength and the strain hardening
exponent of the structural steel material
is varying with the material property
value.
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Techniques”, Materials Science and Technology, 17,
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From this sensitivity analysis, the effect of
structural steel material properties, 𝐸𝐸, 𝜎𝜎𝑦𝑦 , 𝛼𝛼 and
𝑛𝑛 to the BHN can be identified. Therefore, our
next step is to develop an inverse analysis
method based on hardness test to determine
material properties of an unknown steel
material which has a plastic plateau in its true
stress-strain behaviour. For that, we are
planning to use the sensitivity analysis results
of this study.
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